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A B S T R A C T
This study compared sensitivity and specificity of multidetector-row computed tomography and duplex Doppler ultra-
sonography in detecting atherosclerotic carotid plaques complicated with intraplaque hemorrhage. Carotid plaques
from 50 patients operated for carotid artery stenosis were analyzed. Carotid endarterectomy was performed within one
week of diagnostic evaluation. Results of multidetector-row computed tomography and duplex Doppler ultrasonography
diagnostic evaluation were compared with results of histological analysis of the same plaque areas. American Heart As-
sociation classification of atherosclerotic plaques was applied for histological classification. Median tissue density of ca-
rotid plaques complicated with intraplaque hemorrhage was 14.7 Hounsfield units. Median tissue density of noncal-
cified segments of uncomplicated plaques was 54.3 Hounsfield units (p=0.00003). The highest tissue density observed
for complicated plaques was 31.8 Hounsfield units. Multidetector-row computed tomography detected plaques compli-
cated with hemorrhage with sensitivity of 100% and specificity of 70.4%, with tissue density of 33.8 Hounsfield units as a
threshold value. Duplex Doppler ultrasonography plaque analysis based on visual in-line classification showed sensitiv-
ity of 21.7% and specificity of 89.6% in detecting plaques complicated with intraplaque hemorrhage. Multidetector-row
computed tomography showed a very high level of sensitivity and a moderate level of specificity in detecting athero-
sclerotic carotid plaques complicated with hemorrhage. Duplex Doppler ultrasonography plaque analysis based on vi-
sual in-line classification showed a low level of sensitivity and a moderate-high level of specificity in detecting athero-
sclerotic carotid plaques complicated with hemorrhage.
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Introduction
Stroke is the third leading cause of death and second
leading cause of death among patients with cardiovascu-
lar diseases in developed countries1–3. Atherosclerotic
carotid plaque is the main cause of most strokes in people
with carotid artery disease, by either causing embolisa-
tion or reducing blood flow through cerebral circulation.
Carotid artery bifurcation and proximal segment of the
internal carotid artery are the usual locations of the
atherosclerotic carotid plaque4. Large randomized trials
showed benefit of carotid endarterectomy (CEA) in sym-
ptomatic patients and to a lesser degree in asymptomatic
patients5–8. To justify carotid endarterectomy in asymp-
tomatic patients, higher risk subgroups of asymptomatic
patients should be identified. Histological content of the
atherosclerotic plaque could be one of the indicators of
its higher propensity for causing a stroke. The American
Heart Association (AHA) classification of atherosclerotic
plaques defines eight types of atherosclerotic plaques, ac-
cording to its histological content9,10. Atherosclerotic ca-
rotid plaques complicated with intraplaque hemorrhage
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(AHA type VIb) are considered unstable and are associa-
ted with a higher incidence of cerebrovascular events11–14.
Occurence of hemorrhage within the atherosclerotic pla-
que represents a transition point when a stable plaque
becomes unstable (vulnerable) plaque i.e. it becomes
more prone to causing a neurologic event. The ideal
diagnostic method in evaluation of carotid artery athero-
sclerotic plaque should provide precise measurement of
the degree of carotid artery stenosis, but also it should be
able to give information about histological content of the
plaque, thus detecting some characteristics of the plaque
that make it vulnerable. In our recent published study
MDCT showed a very high level of sensitivity and a
moderate level of specificity in detecting hemorrhage
within atherosclerotic carotid plaque15. This study com-
pared sensitivity and specificity of multidetector-row
computed tomography (MDCT) and duplex Doppler ultra-
sonography in detecting hemorrhage within atherosle-
rotic plaque.
Material and Methods
In this prospective study we analyzed 50 carotid pla-
ques taken after carotid endarterectomy (CEA) (Table 1).
There were 36 male and 14 female patients, aged 48–87,
median 69 years. Twenty patients (40%) were symptom-
atic and 30 patients (60%) were asymptomatic. Patients
were considered symptomatic if cerebral insult, transient
ischemic attack, or amaurosis fugax on the side of the af-
fected carotid artery occured within 6 months of MDCT
and duplex Doppler ultrasonography analysis. Indica-
tions for CEA were symptomatic patients with carotid
artery stenosis >60% and asymptomatic patients with
stenosis >70%. All patients had the same imaging eva-
luation: duplex Doppler ultrasonography first, and MDCT
in patients with carotid stenosis >60% on duplex. Endar-
terectomy was performed within one week of MDCT and
duplex evaluation. The approval from the institutional
ethical committee was obtained. Results of histological,
duplex Doppler ultrasonography and MDCT analysis we-
re compared.
Surgical technique
Standard surgical technique of CEA with longitunal
arteriotomy over the diseased segment of carotid artery
was performed. During the surgery plaques were care-
fully manipulated in order to preserve morphological in-
tegrity of plaques as much as possible. There were no
verified perioperative insults.
Duplex Doppler ultrasonography analysis
Duplex Doppler ultrasonography examination was
performed using the Logiq 9 scanner, with 7–9 and 9–14
MHz probes (GE Healthcare, Milwaukee,WI), by two ex-
perienced radiologists. Degree of carotid artery stenosis
was estimated based on flow velocities according to stan-
dardized tables.
Visual in-line analysis and classification (analysis and
classification during the examination with no additional
computer analysis) of carotid plaques based on their ap-
pearance on B-mode ultrasound analysis was applied.
Predominantly hypoechogenic plaques were classified as
plaques type 1, predominantly hyperechogenic as pla-
ques type 3, and mixed hypo- and hyperechogenic pla-
ques were calssified as plaques type 2. We believe that
more detailed classification without adequate software
would be too subjective.
MDCT analysis
The Siemens (Erlangen, Germany) Q1 SomatomSen-
sation 16-row MDCT scanner was used. One radiologist
evaluated data on a Siemens Leonardo Syngo2004A
workstation. The standardized optimized, contrast en-
hanced protocol was used with intermediate reconstruc-
tion: 120 kVp, 120 mAs, collimation 16 x 0.75 mm, pitch
1, slice thickness 0.75 mm. Iopamidol was used as con-
trast medium (370 mg iodine/mL, 4 mL/sec, 70 mm3, 325
psi). Transversal multiplanar reconstructions, orthogo-
nal to the vessel long axis in both coronal and sagittal
planes, were used for plaque analysis. Three measure-
ments of tissue density were performed on the visually
least dense area of plaque at the level of maximal steno-
sis. Measurements were performed on a 2 mm2 circular
area and the smallest value was recorded (Figure 1). Cal-
cifications are obvious on MDCT and were not further
analyzed. The distance between carotid bifurcation and
level of maximal stenosis was recorded in order to help
the pathologist find the corresponding level for histolo-
gical analysis. Percentage of stenosis was calculated ap-
plying North American Symptomatic Carotid Endarte-
rectomy Trial (NASCET) criteria. 7
Histological analysis
Immediately after CEA, plaques were formalin fixed
(10% buffered formaldehyde) and sent for histological anal-
ysis. One pathologist, blinded for MDCT plaque density,
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TABLE 1
PATIENTS’ CHARACTERISTICS
Patients’ characteristics
Sex M 36; F 14
Age Median 69; Range (48 to 87)
Neurological symptoms 20 (40%)
Diabetes 20 (40%)
Arterial hypertension 48 (96%)
Hyperlipoproteinemia 35 (70%)
Smoking 29 (58%)
Body mass index (BMI)
BMI = weight/(hight/100)2
Mean 26,8; SD 4,0
Familiy anamnesis 17 (34%)
Periferal arterial disease 20 (40%)
Coronary artery disease 20 (40%)
SD – standard deviation
performed histological analysis. If calcifications were ex-
tensive, plaques were first decalcified using 20% nitric acid.
That procedure eliminates calcifications while preserving
remaining histological content. Samples were sliced in a se-
rial manner, starting from the bifurcation, followed by sec-
tions 2 mm apart toward the internal carotid artery. The
serial section technique assured precise measurement of
the distance between the bifurcation and the level of maxi-
mal stenosis. Plaque sections were embedded in paraffin
and cut in 4 µm thin slices, using the standard process.
Slices were stained with hematoxylin and with Mallory
trichrome if necessary (Figure 2). One pathologist exam-
ined all plaques and classified them according to the AHA
classification of atherosclerotic plaques. The radiologist
who performed MDCT analysis was involved in histological
analysis, to make sure that the same plaque areas were an-
alyzed on MDCT and histology.
Statistical analysis
The difference of median tissue density between AHA
type VIb plaques and other plaque types was calculated
using the Mann-Whitney U-test. P<0.05 was considered
statistically significant. To determine the cut-off value of
tissue density, receiver operating characteristic (ROC)
analysis was used. The Wilcoxon test was used to compa-
re degrees of carotid artery stenosis measured by MDCT
and duplex Doppler ultrasonography.
Results
Results of MDCT, duplex Doppler and histological
analysis are presented in Table 2. Mean carotid artery
stenosis measured by MDCT and duplex Doppler was
82,6% (±9.6) and 80.4% (±10.0), respectively, (p=
0.066878, Z= 1.832496, Wilcoxon test). There were 23
(46%) plaques AHA type VIb, 19 (38%) type V, 7 (14%)
type VII and 1 (2%) type VIII. Median tissue density
AHA VIb carotid plaques was 14.7 HU (range –17.6 to
31.8) while plaques not complicated with intraplaque
hemorrhage had median tissue density of 54.3 HU (range
–23.6 to 150) (P=0.00003; U=97.00; Mann-Whitney U
test) (Figure 3).
ROC curve analysis showed 100% sensitivity and
70.4% specificity of MDCT in detecting hemorrhage
within atherosclerotic plaque with cut-off vaule of 33.8
HU (no plaque with tissue density over 33.8 HU was
complcated with intraplaque hemorrhage) (Figure 4).
Results of MDCT analysis for different plaque types
are summarized in Table 3. On duplex Doppler ultraso-
nography analysis 8 plaques (16%) were classified as type
1, 29 (58%) as type 2 and 13 (26%) as type 3. Among du-
plex type 1 plaques (predominantly hypoechogenic pla-
ques) there were 5 (5/8; 62.5%) AHA type VIb plaques.
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Fig. 1. MDCT. Plaque with the least measured tissue density of
17.7 HU (Hounsfield units). ICA – internal carotid artery.
Fig. 2. Hemorrhage within plaque (plaque type VIb). Same pla-
que as in Figure 1. Hematoxylin and eosin stain, original magni-
fication x40. P – plaque, L – lumen.
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Fig. 3. Box-whisker plots of tissue density of plaques without he-
morrhage (other) and plaques with hemorrhage (VIb). HU– Houns-
field units, AHA – American Heart Association.
Among duplex type 2 plaques (mixed hypo- and hyper-
echogenic plaques) there were 18 (18/29; 62.1%) AHA
type VIb plaques. There were no AHA type VIb plaques
among duplex type 3 (predominantly hyperechogenic)
plaques.
Thus, in detecting hemorrhage within atherosclerotic
carotid plaque, duplex Doppler showed sensitivity of
21.7% and specificity of 89.8% for plaques classified as
duplex type 1, and sensitivity of 78.2% and specificity of
59.2% for duplex type 2 plaques. Taking duplex type 1
and 2 as a single group gave duplex Doppler sensitivity of
100% but specificity of only 48.1%.
Discussion
Aim of this study was to find out and compare sensiti-
vity and specificity of MDCT and in-line duplex Doppler
ultrasonography analysis in detecting hemorrhage with-
in atherosclerotic carotid plaque. In our previous study
we analysed 31 carotid plaques and showed high level of
sensitivity (100%) and moderate level of specificity (64.7%)
of MDCT in detecting hemorrhage within the athero-
sclerotic carotid plaque15. In this study we analyzed 50
carotid plaques and found even higher level of specificity
(70.4%) while keeping the sensitivity of 100%. In-line
duplex Doppler analysis of the same plaques showed
sensitivity of 21.7% and specificity of 89.8% in detecting
hemorrhage within atherosclerotic carotid plaque for
plaques classified as duplex type 1 (plaques considered to
be most vulnerable).
This study showed superiority of MDCT over in-line
duplex Doppler analysis in detecting hemorrhage within
carotid plaque. Only when duplex predominantly hypo-
echogenic and mixed hypo- and hyperechogenic plaques
were considered as a single group did the duplex Doppler
reached the sensitivity of MDCT but at the cost of speci-
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TABLE 2
RESULTS OF MDCT, DUPLEX DOPPLER AND HISTOLOGICAL
ANALYSIS
n
Stenosis %
(MDCT)
Stenosis %
(duplex)
AHA
plaque
type
HU
Duplex
plaque
type
1 70 65 VII 59 2
2 95 90 VIb –11.6 2
3 95 95 VIb –17.6 2
4 95 95 V 62.6 1
5 90 90 V –23.6 2
6 90 90 V 63 3
7 90 90 V 62.8 1
8 90 90 VIb 22.2 1
9 80 85 VIb 31.2 2
10 70 70 VIb 18.2 2
11 80 75 V 22.4 2
12 90 90 VIb 28.5 2
13 80 70 V 62.8 3
14 95 75 VIb 25.2 2
15 70 65 V 60.7 3
16 90 70 VIb 24.1 2
17 80 65 VIb 14.7 2
18 80 70 VIb 21.7 1
19 80 80 V 17.7 2
20 90 80 VIb 23.3 1
21 80 95 V 42.1 3
22 95 95 VIb 26.8 2
23 90 80 V 6.7 3
24 80 70 VII 131 3
25 95 80 VIb –3.0 1
26 90 80 V 150 3
27 90 90 VIb –4.0 2
28 70 75 V 28.6 2
29 80 70 VIII 35.8 2
30 90 95 V 11.6 2
31 70 75 V 59.8 2
32 80 80 VIb 3.0 2
33 80 80 V 45.1 2
34 70 75 VIb 31.8 1
35 95 95 VIb 4.0 2
36 80 95 VIb 31.1 2
37 70 80 VIb 5.3 2
38 70 90 VII 54.3 3
39 70 70 VII 79.0 3
40 90 70 V 83.0 3
41 90 80 VII 11.9 2
42 70 75 VII 119.3 3
43 60 60 V 44.9 1
44 90 80 VII 130 3
45 70 80 VIb 9.3 2
46 80 80 VIb –9.3 2
47 70 70 VIb 11.8 2
48 90 95 VIb –5 2
49 80 70 V 10.5 3
50 95 90 V 43 2
MDCT – Multi-row Detector Computed Tomography,
AHA – American Heart Association, HU – Hounsfield unit
Fig. 4. ROC analysis. Cut-off value of od 33.8 HU, sensitivity
100%, specificity 70.4%, area under curve 0.844, p=0.0004.
ficity which was only 48.1%. Lal et al. used pixel distribu-
tion analysis (PDA) of duplex images and found good cor-
relation with histological analysis16,17. Good correlation
of results of computer analysis of duplex images and re-
sults of histological analysis of plaques was also found by
El-Barghouty et al.18. Studies that compared visual and
computer analysis of duplex images of atherosclerotic
plaques showed better concordance with histological
analysis when computer analysis of duplex images with
adequate software was used19,20.
Results of these studies suggest that low sensitivity of
duplex in detecting hemorrhage within the atheroscle-
rotic carotid plaque that we showed in our study could
probably be better if computer analysis of duplex images
was used.
Currently, clinical practice in tretment of carotid ar-
tery stenosis varies amog different countries. In some
countries asymptomatic patients make majority of oper-
ated patients despite the low overall benefit of endart-
erectomy in those patients21–34. Some authors point out
that carotid endarterectomy in asymptomatic patients
should be performed only in medically stable patients
with carotid artery stenosis >80%, with life expectancy
of at least 5 years and only if a <3% perioperative compli-
cation rate is expected35,36.
Taking only a degree of carotid artery stenosis in
making decision whether to operate the patient or not,
leaves patients with <80% stenosis but with vulnerable
plaque out of consideration for operation despite the in-
creased risk for neurological event. These patients could
benefit from a diagnostic method which not only gives in-
formation about degree of stenosis but also about a
histological content of the plaque.
On the other hand, in countries were majority of asymp-
tomatic patients with >70% stenosis are operated, patients
with <80% stenosis and stable plaque (whose benefit from
operation is negligible) could also benefit from the diagnos-
tic method that indicate their low risk of getting neurologi-
cal event (lower than risk of the operation).
MDCT has potential to address both problems: it can
detect patients with increased risk of neurological event
who would not be operated (if only degree of carotid ar-
tery stenosis is considered in making decision whether to
operate or not), and it can also detect patients with low
risk from natural course of carotid artery disease but
who are nevertheless considerd for the operation.
Previous studies showed high accuracy and very good
interobserver agreement of MDCT in evaluation of de-
gree of carotid artery stenosis; it can give information
about the type of analyzed tissue and it can also detect
intracranial stenoses.15,37–44 This study reinforced the
role of MDCT in providing information about the content
of atherosclerotic carotid artery plaque.
Disadvantages of MDCT are increase of the cost of di-
agnostic evaluation (compared to duplex Doppler alone)
and exposing the patients to radiation. However, MDCT
is noninvasive and accurate tool in evaluation of patients
with carotid artery disease and increase cost of the evalu-
ation could be in part compensated with reduction of the
number of operated patients.
We believe that MDCT and duplex Doppler are com-
plementary studies. We perform duplex Doppler exami-
nation first, followed by MDCT if >60% carotid artery
stenosis is found on duplex. This algorithm is applicable
in most vascular centers.
Duplex Doppler analysis of the carotid artery plaque
performed by an experienced invastigator using addi-
tional computer analysis of duplex images can yield re-
sults that are comparable to results of MDCT anaysis. In
such circumstances, duplex Doppler analysis is probably
the only diagnostic method needed for great majority of
patients with carotid artery disease.
Conclusion
In this study MDCT showed a very high level of sensi-
tivity and a moderate level of specificity in detecting
hemorrhage within atherosclerotic carotid plaque. In-
-line duplex Doppler analysis of the same plaques showed
a low level of sensitivity and a moderate-high level speci-
ficity in detecting hemorrhage within atherosclerotic ca-
rotid plaque for plaques classified as duplex type 1 (pla-
ques considerd to be most vulnerable). Sensitivity of the
duplex Doppler in detecting hemorrhage within the athe-
rosclerotic carotid plaque could probably be improved if
computer analysis of duplex images was used.
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TABLE 3
RESULTS OF MDCT PLAQUE ANALYSIS FOR DIFFERENT PLAQUE TYPES
AHA Type n Median, range HU p Cut-off Sensitivity Specificity p AUC
VIb 23 14.7 (–17.6; 31.8) 0.00003 33.8 100.0 70.4 0.00004 0.844
V 19 44.9 (–23.6; 150) 0.0349 38.9 63.2 80.6 0.035 0.679
VII 7 94.5 (11.9; 131) 0.0045 49.7 85.7 81.4 0.005 0.837
VIII 1 35.8*
AHA – American Heart Association, HU – Hounsfield unit, AUC – area under curve.
* Only one plaque type VIII with tissue density of 35,8 HU.
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USPOREDBA VI[ESLOJNE KOMPJUTERIZIRANE TOMOGRAFIJE I DUPLEX DOPPLER
ULTRAZVUKA U OTKRIVANJU ATEROSKLEROTSKIH KAROTIDNIH PLAKOVA KOMPLICIRANIH
KRVARENJEM U PLAK
S A @ E T A K
Cilj ove studije bio je usporediti osjetljivost i specifi~nost vi{eslojne kompjuterizirane tomografije i duplex Doppler
ultrazvuka u otkrivanju krvarenja u aterosklerotski karotidni plak. U studiji je analizrano 50 karotidnih plakova uzetih
nakon karotidne endarterektomije. Uspore|eni su rezultati prijeoperacijske analize vi{eslojnom kompjuteriziranom
tomografijom i duplex-om sa nalazima histolo{ke analize istih podru~ja plakova. Karotidna endarterektomija radila se
unutar tjedan dana od analize vi{eslojnom kompjuteriziranom tomografijom. Prilikom histolo{ke analize koristila se
klasifikacija aterosklerotskih plakova predlo`ena od American Heart Association. Median tkivne gusto}e karotidnih
plakova kompliciranih krvarenjem bio je 14,7 Hounsfieldovih jedinica. Median tkivne gusto}e nekalcificiranih dijelova
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plakova bez krvarenja bio je 54,3 Hounsfieldove jedinica (p=0,00003). Najve}a izmjerena tkivna gusto}a plakova kom-
pliciranih krvarenjem bila je 31,8 Hounsfieldove jedinice. Vi{eslojna kompjuterizirana tomografija pokazala je osjetlji-
vost od 100% i specifi~nost od 70,4% u otkrivanju plakova kompliciranih krvarenjem pri grani~noj vrijednosti od 33,8
Hounsfieldove jedinice. Koriste}i vizuelnu klasifikaciju plakova, duplex je pokazao osjetljivost od 21,7% i specifi~nost od
89,7% u otkrivanju plakova kompliciranim krvarenjem. Rezultati ove studije pokazali su vrlo visoku osjetljivost i umje-
renu specifi~nost vi{eslojne kompjuterizirane tomografije, te nisku osjetljivost i umjereno visoku specifi~nost duplex-a
u otkrivanju plakova kompliciranih krvarenjem.
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